The development of bioenergy markets is beneficial from a climate perspective and helps ensure sustainable forest management both locally and globally. This study aimed to provide an overview of the current state of Lithuanian forest biomass resources with a particular focus on the legal, economic and ecological aspects of forest biomass use for energy and to identify the lessons that should be learned from the history of biomass introduction in the country's energy sector. These experiences and lessons are valuable both nationally and internationally, where good practices and challenges for the introduction and development of forest biomass for energy production are revealed. We examined the question of whether regulatory drivers in the energy sector can increase forest biomass use for energy production and contribute to sustainable development of Lithuania. To answer this question, we described the legal and market instruments regulating forest biomass use for energy production, the forestry sector and renewable energy policy in Lithuania, the current and potential amount of forest biomass available for energy production and ecological considerations relating to forest biomass use for energy. In Lithuania, forest biomass resources are strategically important for the renewable energy sector. The National Energy Strategy of Lithuania aims to increase the share of renewable energy sources, including forest biomass, within the total energy consumption, with targets of 30% in 2020, 45% in 2030 and 80% in 2050. Lithuania successfully achieved the target of EU legislation on renewables in 2015 ahead of the obligation to achieve it in 2020. Renewable energy is mainly used in heating, as well as in the electricity and transport sectors. This has resulted in a significant price reduction for end users due to the increased use of biomass, mainly local forest biomass, for heat energy production and in the emergence of a biofuel exchange, which acts as a system of biomass auctions that to some extent prevent unjustified price increases. Legislation developed for the energy biomass market in Lithuania allows efficient restructuring of the energy sector, especially for heat production. The Lithuanian energy sector has already successfully replaced imported and relatively expensive natural gas with locally available cheaper renewable energy sources (RES). Compliance with formal environmental regulations is required to protect the soil, ground vegetation, understory and biodiversity during commercial tree harvesting. Lithuania has basic guidelines for the use of wood ash as a compensatory fertiliser, with strict requirements for the chemical quality of wood ash.
Background
Renewable energy sources (RES) are recognised widely as an important means for the energy sector to achieve the environmental, economic and social aims of sustainable development [1] [2] [3] [4] . The bioenergy market specifically can help foster sustainable forest management at the regional, national and international levels. The production of biomass for energy from forest and agricultural waste is becoming an increasingly important sector of the economy, with growing volumes produced, numbers of jobs and added value.
As the world moves towards the goal of 100% renewable energy by 2050 in order to achieve the goal agreed at COP21 in Paris in 2015, individual countries seek to develop strategies for the accelerated development of renewable energies [5, 6] . Lithuania, together with other European Union (EU) Member States, has committed to ending fossil fuel use to stop further increases in greenhouse gas (GHG) concentration in the atmosphere [7] [8] [9] . Since growing trees absorb a significant amount of the carbon released in the process of biomass combustion, the GHG emissions produced by burning fossil fuels can be reduced by substituting these with renewable forest biomass. However, while biomass combustion is beneficial from a climate perspective, it can have local and global impacts on other aspects of environmental quality [10] [11] [12] .
The EU Member States plan to achieve a 32% share of renewable energy in their total energy consumption by 2030 [13] . The use of biomass for district heating in the Baltic countries-Lithuania, Latvia and Estonia-which has increased significantly in recent years, contributes towards this goal. In 2015, the main energy sources for the Baltic countries were petroleum products (48%), biomass and waste (22%), and natural gas (21%) [14] . In Lithuania, the amount of biomass used for district heating and electricity has increased since about 2007, and the country continues to increase the share of biomass in energy production. By 2020, the share of centrally supplied heat energy produced from RES is planned to increase to 60%, and the share of renewable energy in final energy consumption should increase to 23% [13, 15] . Despite its already leading position in renewable energy, Lithuania plans to further develop that sector in order to mitigate climate change and increase the country's competitiveness [15] . It is planned that by 2030 installed power capacity from RES will be 2.5 times higher than in 2017, and almost half of the energy consumed will be produced from RES. By 2050, most of the energy used in the heating, electricity and transport sectors will come from RES [15] .
Decisions in the Lithuanian energy sector are being made with little regard for the economic, social and environmental aims of sustainable development [16] . So far, there has been no comprehensive review of the Lithuanian use of forest biomass for energy. The objective of this paper is to explore how decisions in the energy sector can improve its contribution to overall sustainable development in Lithuania. We address this objective by providing an interdisciplinary overview of forest biomass resources in Lithuania and a synthesis of the legal, economic and ecological aspects of the use of those resources for renewable energy production. The specific research questions include the following:
What are the key political and market-based instruments acting for implementation of renewables for energy in Lithuania? What is the current supply of renewables for energy in Lithuania? What changes and challenges have taken place in the forestry and renewable energy sectors in Lithuania during last decade? What forest biomass resources are available for energy in Lithuania? What are the environmental sustainability implications of using forest biomass for energy in Lithuania, and how are possible risks being mitigated through regulation? What are the future perspectives and challenges for forest biomass use for energy in Lithuania?
Data and materials
This section describes the research methods that were followed to assess different national and EU legislation, statistical databases and other related documents implemented to incentivise forest biomass use for energy.
The Lithuanian case study includes descriptive approaches, as well as qualitative analysis. The review of regulatory drivers covers legal regulations of forest biomass use in energy production and also marketbased instruments. We first analysed EU legislation, continuing with the analysis of Lithuanian legal issues, including national programmes, strategies and laws ( Table 1 ; Appendix 1). The review of current energy use and supply provided by renewables is based on analysis of statistical data on renewables supply, share of different fuel types and the price of heat supplied to central district heating. The review of current information on the forest sector is based on analysis of literature and statistical data on historical changes and the current situation in Lithuanian forests, including tree species composition and ownership. The description of biomass supply from the forestry sector is based on data of current and potential amounts of forest biomass from different sources (harvest residues, short rotation plantations) ( Table 1 ). The last chapter, analysis of ecological risks and their regulation is based only on Lithuanian regulations and scientific findings of local studies. Though other countries face similar challenges [17, 18] , this case study only deals with environmental issues covered by Lithuanian legislation and other documents with related information on forest biomass use for energy.
'Forest biomass' is taken here to include firewood and wood chips from aboveground logging residues (low-quality stems, tops, branches, needles and leaves) from pre-commercial and commercial harvesting, as well as woody material from short rotation plantations (basically willows). In addition to the above, by-products such as sawdust, waste from the agriculture sector and wood processing industries are included in the broader term 'biomass'. When citing text from the reviewed sources, the translations used are mainly unofficial versions by the authors, since official translations are rare.
Energy policy and the goal for renewables in Lithuania
This case study is specific to Lithuania but, as a member of the European Union (EU), Lithuania is subject to the obligations and privileges of such membership as defined within EU legislation common to all members. The Renewable Energy Directive (2009/ 28/EC) of the European Parliament established an overall policy for the production and promotion of energy from RES in the EU [19] . It requires the EU to fulfil at least 20% of its total energy needs with renewables by 2020. This target is to be achieved through the attainment of individual national targets. The directive stipulates that all EU countries must also ensure that at least 10% of their transport fuels come from RES by 2020. Lithuania's national renewable energy target is 23%. In 2015, Lithuania had already achieved a share of 25.8% of renewable energy in its gross final energy consumption [9] . Reaching national renewable energy target for 2020 by 2015 did not slow down ambitions for the use of renewables and Lithuania aims to further develop renewable energy in its economy.
Moving forward, the revision of the Directive 2009/28/EC was initiated to reflect global change since 2009, increase climate change ambitions and leverage international investment in renewable technologies. Furthermore, the revised Renewable Energy Directive (2018/2001/EU) of the European Parliament aimed at keeping the EU as a global leader in renewables and helping it meet its GHG emissions reduction commitments under the 2015 Paris Agreement on Climate Change [20] . In this directive, a new binding renewable energy target for the EU for 2030 of at least 32% was established, with a clause for a possible upwards revision by 2023. EU countries are required to draft 10-year National Energy and Climate Plans for 2021-2030, outlining how they will meet the new 2030 targets for renewable energy and for energy efficiency. Member States need to submit a draft National Energy and Climate Plan by 31 December 2018 and are to be ready to submit final plans to the EC by 31 December 2019. Most of the other new elements in the revised directive need to be transposed into national law by Lithuania, as a Member State, by 30 June 2021. According to the Directive 2018/2001/EU, the overall objective for renewables in Lithuania is 45% in 2030, defined as 45% for the renewables share in final energy consumption, 90% in the central heating sector, 15% in the transport sector, 45% in final electricity consumption and 70% for the renewables share in electricity generation [34] . The Lithuanian government is considering a new support scheme for producers of renewables. EU legislation provides renewable energy targets for Member States as goals to plan national issues for energy sector improvements and climate change mitigation. The increased use of sustainable renewables across the EU would contribute to some extent to the creation of the Energy Union [34] .
Lithuanian legislation provides for taking active steps to fulfil the established EU targets, reinforcing these ambitions with local commitments and goals. In Lithuania, several pieces of legislation have been put into force to elaborate the energy sector policy Table 1 Reviewed EU and Lithuanian legislation in energy and forestry sectors and promote the use of RES (Appendix 1). The main policy documents for energy sector development are the National Energy Independence Strategy and the Strategy Action Plan [13] . One of the aims of the strategies is to ensure Lithuania's energy independence by the year 2020 by strengthening national energy security and competitiveness. The Law on Energy [24] and the Law on the Heat Sector [26] establish the legal basis for state management, regulation, supervision and control of the energy sector, including the general criteria, conditions and requirements for public relations. They also define the main objectives of government energy policy and regulate government management of the heat sector, including the activities of the heat sector entities, their interrelationships and responsibilities, and their relations with heat consumers. Our overall assessment of these instruments showed that they are to (a) ensure the country's energy independence by strengthening a secure and reliable energy supply, (b) contribute to reduction of environmental pollution, (c) promote the use of domestic RES and (d) ensure reliable and high quality heat supply to consumers at minimum cost.
The main legislation promoting increased use of RES, including biomass, in heat production are the National Strategy for the Development of Renewable Energy Sources and its Action Plan [23] , the Law on Energy from Renewable Sources of the Republic of Lithuania [25] , and the National Forestry Sector Development Programme 2012-2020 [27] . The National Strategy for the Development of Renewable Energy Sources [23] is intended to ensure an increased share of RES in the country's energy balance, in order to meet energy needs in the electricity, heating and transportation sectors using domestic resources as much as possible, and phasing out imported polluting fossil fuels. This would enhance energy security and energy independence and contribute towards international efforts to reduce GHG emissions. The Law on Energy from Renewable Sources of the Republic of Lithuania [25] establishes the legal basis for state administration, regulation, supervision and control of the renewable energy sector and for organising activities in the renewable energy sector. It mandates the state regulation and supervision of the activities of energy grid operators and producers of energy from RES, including their relations with controlling authorities. The law should also help ensure increased use of RES in the energy sector.
The National Forestry Sector Development Programme 2012-2020 [27] is intended to retain the balanced volume between annual increment of timber and all forest fellings, including pre-commercial thinnings, sanitary (to improve health of the forest and eliminate stem pests and spread of dangerous infections by removing damaged, dying, windfall trees) and final fellings. Also, it is intended to increase the volume of non-merchantable timber and logging residues used for energy production. For the latter, it sets a target of 0.5 mm 3 in 2020. Financial instruments (listed in Appendix 1) are also in place to promote the development and use of RES, including biomass.
The BALTPOOL Biomass Exchange (hereafter, BALTPOOL) is a market-based instrument promoting the use of biomass in heat production [35] . On 27 September 2012, the National Control Commission for Prices and Energy issued an operating licence to BALTPOOL, a Baltic region energy resources exchange, entitling it to organise trade of solid biomass for energy. BALTPOOL was thus enabled to act as an intermediary for companies producing, supplying and buying biomass for energy in Lithuania. The licence entered into force on 31 July 2013 as one of the instruments for fair competition in the energy sector. Since 2016, all biomass for energy production has been purchased on BALTPOOL, which is legally regulated, but with rules that allow purchase of biomass outside the exchange if the price paid is lower than it would be on the exchange. Heat and electricity producers and suppliers of biomass are invited to trade on BALTPOOL and currently 251 companies producing and supplying energy biomass and more than 100 buyers are registered. Wood chips, one of the most popular types of biomass, are traded on the biomass exchange. During the 2017-2018 heating season, biomass was supplied through BALTPOOL under 4067 contracts. The total amount of biomass sold during that heating season was 12.41 PJ, of which 96.5% was purchased by 102 buyers from Lithuania and Latvia, including both central heat supply enterprises and regulated independent heat supply enterprises [35] . More than 90% of all suppliers in BALTPOOL are Lithuanian.
The Lithuanian woody biomass market is strongly influenced by wood chips supplied from Belarus at prices cheaper than for locally supplied chips [36] . In 2017, 0.64 mm 3 of wood chips were imported from Belarus, 25% of all wood chips sold on BALTPOOL. In 2018, imports increased to about 1/3 of the total biomass market. The largest sellers on BALTPOOL are thus not local chip producers but wholesalers of Belarusian wood chips.
Competition among heat producers is organised through monthly heat sale auctions, on the national fuel and energy exchange in Lithuania, BALTPOOL, on which all heat producers are required to buy fuel and sell heat in individual municipalities. The experience of the exchange attracts interest from foreign politicians and officials. BALTPOOL is extending its activities to other countries.
In summary, both EU and Lithuanian legislations devote special attention to the expanded use of renewables at the EU and national levels, focusing on forest biomass. The Renewable Directive (2009/28/EC) sets mandatory national targets for the share of renewable energy for each EU country, to be reached in 2020. The national targets are set with a view to achieving the EU 20% renewable energy target by 2020. Lithuania's national renewable energy target was 23%, which was achieved in 2015, with a share of 25.75% of renewable energy in gross final energy consumption. The market-based instrument BALTPOOL had strong impact on promoting the development of biomass use in heat production.
Current energy use and supply provided by renewables
Lithuania has an annual domestic heating season (when the outside temperature is lower than + 10°C) of about 6-7 months [37] . According to the National Renewable Energy Action Plan [23] , the possibilities for wider use of locally available fossil resources (peat, oil) are limited. It is therefore very important to increase the use of energy from RES. National energy sources in 2016 included crude oil and petroleum products (38.9%), natural gas (25.1%), RES (20.0%), electricity (9.7%) and coal, peat and others (6.3%) [38] . The RES presently in use include solid biomass (83.0%), wind (6.7%), liquid biofuels (3.9%), hydro-electricity (2.7%) and others (biogas, municipal waste, solar, geothermal) (3.7%). In the district heating sector, biomass and municipal waste are most important, but the share of natural gas is still relatively high ( Fig. 1 ). However, Lithuania has made progress compared to the EU as a whole in which use of fossil fuels for heat production is still very high at 70% [39] . Total annual energy consumption in Lithuania is about 180 PJ, made up of 36 PJ in final electricity consumption, 72 PJ in heating, and 72 PJ in liquid transportation fuels [38] .
Natural gas from Russia was the dominant fuel used in district heating until 2013 ( Fig. 2 ). Since then, Lithuania has been one of the post-communist countries experiencing a rapid increase in use of wood-based energy sources, and heating plants using fossil fuels were modified to use biomass. About 65% of heat consumed in district heating is produced in these centralised systems. However, inefficient use of heat energy is still considered one of the biggest problems in the Lithuanian heating sector. The average annual heat consumption in Lithuanian buildings is 0.75 GJ m −2 , while the corresponding figure for neighbouring Nordic countries is about 0.46 GJ m −2 [16] . Reducing inefficiencies would save a significant amount in heating costs and reduce GHG emissions.
Increasing energy production from renewables can diversify energy sources for heat production and reduce the negative environmental impact of the district heating sector. Over the last decade, the proportion of forest biomass used in final primary energy consumption has increased rapidly since about 2010 and further expansion is expected (Fig. 2 ). Heating plants currently consume about 22 PJ of forest biomass annually (see Fig. 1 ).
Forest biomass has been recognised as a strategically important renewable resource for the energy sector in Lithuania. RES usually face market barriers such as high initial investment cost and low competitiveness of new technologies compared to old ones. The State promotes economically viable investments in heat production from biomass, giving priority to combined heat and power plants. The use of biomass fuel in power plants specifically designed for biomass is much cheaper and more environmentally friendly than the use of old technologies [16] . In the long term, locally available RES could give economic and ecological benefits. On the other hand, the use of forest biomass in the district heating sector does not cover the country well, with about 70% of individual houses still using firewood for heating. However, these houses are not included in the district heating grid.
It is expected that investment in heat production from biomass will not increase the heat price, and it has already made it possible to exceed the 2020 goal of 23% renewable energy in the final energy consumption.
During the period 1996-2017, the average price of heat supplied to central district heating systems in Lithuania fluctuated unevenly: the price remained relatively stable while it was fixed by regulation between 1996 and 2006, increased from 2007 to 2012 when price formation was left to the market and depended mostly on the increased cost of imported natural gas, and then decreased thereafter up to 2017 ( Fig. 3 ) [40] . This decrease from 2012 to 2017 was almost 38%. Several factors may have influenced the reduction in central heat prices: first, the increased use of forest biomass for heat energy production; second, the use of local forest fuel resources; and, third, the emergence of the biofuel exchange, as explained in the previous section. At the beginning of 2019, there were 52 licenced heat suppliers [41] . These companies produce and supply about 98% of the heat delivered through heating networks in 60 municipalities throughout the country [40] . The market share of biomass is currently 58.7% [41] . Householders consume 73% of the heat produced, State institutions 13.2%, and industry and other users only 13.8% [40] .
Between 2000 and 2016, the use of combined biomass fuels in the district heating sector increased from 2 to 65%, and the share of biomass in district heating exceeded the share of imported natural gas [40] . Biomass was used in public central heating power plants (23.68%), public heating plants (72.08%), internally by industry in heating plants (4.06%), transformation by charcoal plants (0.17%) and in the energy sector (0.01%) [42] .
In summary, solid biomass has the leading share among renewables, more than 80%, in Lithuania. The proportion of forest biomass used in final primary energy consumption has increased rapidly since about 2010. Though renewables for energy production sometimes face market barriers such as high initial investment cost and low competitiveness, in the long term, its usage should give economic and ecological benefits. The peak in prices for natural gas in 2007-2012 and the EU's policy of greater use of renewables have led to the rapid construction of biomass-fired boilers and cogeneration plants in Lithuania. The result of state aid and incentive regulation was that already in 2017 about 70% of the total district heat production was from renewables.
Current situation of the forestry sector in Lithuania
Lithuania is situated on the eastern coast of the Baltic Sea between 53°54′ and 56°27′ N latitude and between 20°56′ and 26°51′ E longitude. It has a total land area of 65,300 km 2 (6.53 m ha). Of that area, 50% is lowland (up to 100 m above sea level), 29% is upland (150-200 m above sea level) and 21% consists of hilly areas (200-300 m above sea level) [43] . Lithuania is in the cool temperate moist IPCC climate region [44] . Agricultural land covers more than 50% of the country and forest land amounts to about 33% of total land area (2.2 m ha) [45, 46] (Table 2) .
Lithuania falls in the transitional hemi-boreal forest zone of Europe with mixed deciduous and coniferous stands being most common. The major forest soil groups are Arenosols (32%), Luvisols and Retisols (29%) and Histosols (11%) [47] . Forestry plays an important role in the Lithuanian economy and environment. During the period 2003-2017, the total growing stock volume increased by 90 mm 3 and gross annual increment by 3.8 mm 3 .
Coniferous stands prevail in Lithuania, occupying 1.144 Mha, 55.6% of the forest area ( Fig. 4 During the Soviet period, all forest land was stateowned and forest management was centrally planned, as was the entire Lithuanian economy. After the restoration of independence in 1990, major political and socioeconomic changes occurred in the forest sector [48] , including the emergence of private forest ownership, a free market for wood, adoption of foreign technologies, EU support, and the expanded focus on social and environmental forest functions. When independence was restored, forest property rights were also restored, and the structure of forest ownership changed due to an ongoing land reform process which is still ongoing. All forest land was transferred to a national network of 42 state forest enterprises under the Ministry of Forestry, whose main responsibilities included forest management, preservation of forest genetic resources, afforestation, forest protection (fire, insects and diseases) and allocation of forest areas for scientific purposes or to meet public needs.
In 2018, the 42 state forest enterprises, along with the State Forest Management Institute, were merged into a single company, the VĮ Valstybinių miškų urėdija (the State Forest Enterprise) [49] . The individual enterprises were combined in order to increase returns and promote more efficient operation, also addressing the challenges of transparency in the forestry sector. Currently, the State Forest Enterprise consists of 26 regional units. The private forest sector includes 250,100 private forest owners. Small-sized private forest properties are common in Lithuania, the average being 3.4 ha, unchanged since 2001.
Wood markets also changed considerably after the restoration of independence. Due to the emergence of the free wood market, exports of timber expanded. Previously, 1-2 mm 3 yr -1 of wood was imported from Russia; currently, a considerable amount of wood is exported. Demand, supply and other market factors now drive round-wood prices. There has been a trend towards increased wood removal from the forest, with harvesting increasing from 4 mm 3 in 1990 to 7 mm 3 in 2016 [46] . The harvesting level is still less than half the annual increment (see Table 2 ) and conforms to the restrictions of the Law on Forests [29] , which indicates that the total volume of all annual forest cuttings cannot exceed the gross annual tree increment.
Round-wood harvesting in state forests amounted to 3.9 mm 3 in 2016 and 3.78 mm 3 of round wood were sold [30, 46] . In the same year, contractors harvested 75% of the timber produced in state forest enterprises. The volume from final harvest in state forests was 2.7 mm 3 , amounting to 70% of the total harvest and private forest owners received cutting permits for 2.4 mm 3 [46] . We conclude that the overall situation in the Lithuanian forests is favourable. The growth of forests far exceeds the harvest. Forests biomass resources make it possible to harvest potentially more biomass for energy. Forest land ownership is shared almost equally by the state and private owners whose individual holdings are small with limited resources available to manage their forest and trade the wood produced.
Biomass supply for energy from the forestry sector
The rate of growth of forests is obviously a key factor in determining the quantities of forest biomass that can be sustainably supplied from forests. Forest biomass for energy is an important part of the forestry and renewable energy sectors in Lithuania. Forest biomass comprises over 80% of total plant biomass in Lithuania [50] . The amount of biomass per capita in Lithuania is one of the highest in the EU. Consumption of forest biomass for energy production has significantly increased in Lithuania since about 2000. However, biomass available for energy production is still underused and the supply of firewood, logging residues, woody biomass from pre-commercial harvesting and short rotation plantations, and waste from the wood processing industry could be increased without exceeding the increment [51] .
According to the Department of Statistics of Lithuania, 3.9 mm 3 of firewood and industrial wood waste were used for energy production in 2009. In the absence of restrictions on removals, about 2.5 mm 3 of logging residues could be produced annually from final clear cuts. However, technical capacity (harvesting equipment) and environmental regulations reduce this amount to 0.75 mm 3 [52] .
Although the extraction of logging residues from final clear cuts is more economic, residues could also be extracted for energy use from pre-commercial thinning of young stands, potentially generating about 0.4 mm 3 of such biomass every year. However, producing chips from pre-commercial thinning is too expensive currently and so is not done in practice.
The rapid development in cultivation of short rotation plantations in Lithuania since before 2000 has been mainly driven by international companies [53] . Data from the National Paying Agency of the Ministry of Agriculture show that the total area of established short rotation plantations (including willows and other woody species) has steadily increased, reaching more than 3.8 Mha in 2018 (Table 3) . Mean annual biomass increment in commercial Lithuanian plantations varies from 0.2 to 7.6 mg ha −1 yr −1 [54, 55] .
Fast-growing grey alder stands are of specific interest for energy use in Lithuania [57] . Such stands occupy 121 600 ha (5.9% of the total forest area), and their growing stock amounted to 17 mm 3 (4.3% of the total growing stock) in 2016 [46] . With a 30-year rotation, more than 0.5 mm 3 of grey alder biomass could be harvested annually. Since about 2000, state forest enterprises have offered an increasing amount of logging residues from grey alder stands to consumers and the current consumption of this biomass for energy is about 0.16 mm 3 yr -1 .
Approximately 0.26 mm 3 of logging residues are generated and sold annually from harvesting operations in state forests (Table 4 ). Data on production and sales of logging residues from private forests are not available.
The State Forest Enterprise plans to increase the supply of forest biomass for energy to 0.367 mm 3 in 2019 and to 0.500 mm 3 in 2023 [31] . Forest biomass, as a raw material for heat production, is competitive due to the significantly (2-3 times) lower price, compared to the main alternative which is natural gas (Fig. 5) .
In summary, forest biomass use for energy production has expanded in Lithuania since about 2000, and its price is no more than half that of natural gas. However, forest biomass available for energy production is underused. Current logging technologies are not yet focused on the production of forest biomass for energy and the cost of harvesting biomass is too high and unprofitable for forest owners, especially in privately owned forests. These issues should have a higher profile at the State level, with shared responsibilities in seeking new approaches to common forest management practices as well as addressing the goal to increase forest biomass production for energy.
Ecological constraints on forest biomass use for energy
In order to minimise the risk of using unsustainable forest biomass for energy production, biomass harvesting should be carried out in accordance with the principles of sustainable forest management with special attention given to the protection of landscapes, biodiversity, carbon stocks and nutrients [18, 20] . As pressure to produce forest biomass for heat and electricity in Lithuania increases, concern also increases over environmental impacts, including long-term site productivity and the future yields of forests. Different types of forest biomass are used for energy production in Lithuania, and such use is expected to become even more economically attractive in the future [58] . The impacts of intensified harvesting could lead to a need for mitigation of ecological risks, in order to maintain sustainable forest management. At the local level, forest biomass harvesting must already comply with formal environmental requirements in final fellings, including protection of soil, ground vegetation, understory, and biodiversity [33] . The formal requirements also include that significant loss of essential plant nutrients from forest soils should be avoided. This can be addressed, for example, by recycling wood ash back to the forest rather than dumping it in landfills as often happens, and as a way of sustainably managing waste products from forest energy.
The Regulations for Forest Fellings [33] include several rules for forest harvesting to ensure forest management remains ecologically sustainable under enhanced use of forest biomass for energy. The regulations allow forest fuel extraction to be integrated with other harvest operations if forest soil moisture and fertility conditions permit. Logging residues can be removed from the site, piled along skid trails or in stacks, or spread after crushing at the site, but they may not be burned at the cutting site. Forest residues can be extracted from clear cut sites for energy use or other purposes using skid trails. Mechanical equipment travel need not be confined to skid trails when the ground is frozen or on sites with mineral soils of normal moisture regime, if the understory is preserved. These conditions avoid soil compaction by mechanical equipment. To conserve biodiversity, a minimum of 5 m 3 ha −1 of logging residues must be left on clear cuts and the same volume of living 'biodiversity trees', mostly of broadleaved species. The rules allow stump extraction in final harvest areas in commercial forests outside of protection zones, provided prospective understory trees are saved and soil conditions suitable for regeneration are prepared. However, stump extraction is not allowed on forest sites with highly oligotrophic soils, on moderately moist vulnerable mineral soils and permanently very wet mineral soils, on undrained peatland soils, or on slopes greater than 15°.
Lithuanian studies on nutrient balances in intensively harvested Scots pine stands showed that the removal of nutrients from the forest would be 2 to 3 times more when removing all aboveground biomass-as might be done to supply biomass for energy from thinnings and from sanitary and final fellings-than if only stems were harvested [59] [60] [61] . However, during the 100-year rotation of such stands, the nutrient influx (especially N and K) from litterfall would be 4 to 10 times greater than the nutrient removals for energy use. Losses of N, P, K, Ca and Mg would also be partly compensated by atmospheric depositions. For the extraction of forest biomass for energy to be sustainable, it is recommended that removed nutrients are recycled to the forest. In recent years, over 30 kt of forest biomass ash have been produced annually in Lithuania [62] . This makes wood ash handling one of the main challenges to the forest biomass for energy sector. This question requires more attention by authorities responsible for the control of environmental pollution together with the related topic of nutrient balances in the forest. The recycling of nutrients to the forest could be achieved by recycling wood ash which retains most of the plant macronutrients (K, P, Ca, Mg) other than nitrogen, which is volatilised during combustion. In order to be classified as compensatory fertiliser and allow it to be recycled to the forest, ash must contain an appropriate quantity of plant macronutrients and have a minimal effect on forest ecosystems. However, rather than being classified as a fertiliser, wood ash can often be classified only as a waste product containing very low quantities of plant nutrient elements, as well as relatively high quantities of toxic metals such as Cd, As, Cr, Hg, Ni and Pb. Such ash could cause a negative impact in the soil, if added in higher amounts. Plants extract these toxic elements from the soil, or they may be leached into the groundwater [63] . In addition, radionuclides, especially 137 Cs and 90 Sr, may diminish wood ash quality. These radionuclides were deposited in the western part of Lithuania and in extensive regions of Belarus after the Chernobyl nuclear power plant accident on 6 April 1986 [64, 65] .
The effects of compensatory wood ash fertilisation on different components of the forest ecosystem were studied in 2001-2005 in a long-term field experiment. The study had six treatments: (a) untreated control, (b) 1.25 t ha −1 wood ash applied, (c) 2.5 t ha −1 wood ash applied, (d) 5.0 t ha −1 wood ash applied, (e) 2.5 t ha −1 wood ash applied with 180 kg N ha −1 and (f) 180 kg N ha −1 applied as mineral N fertiliser [56] [57] [58] . The results showed that the heaviest application of wood ash did not cause significant changes in chemistry (including heavy metals) in the soil, soil solution or vegetation [66] [67] [68] [69] [70] . Shortterm chemical changes were found in the organic layer/ forest floor, i.e. increased pH and total concentrations of nutrients.
The 'Recommendations for compensating wood ash fertilisation' published in 2006 include the main requirements of the current legislation [62] . Depending on the amount of nutrients removed in forest biomass, ecological requirements (see the next paragraph), nutrient concentrations in the ash, and concentrations of any toxic heavy metals which may be present, between 3 and 5 t ha −1 of wood ash, or up to 7 t ha −1 with additional N fertilisers (70-120 kg N ha −1 ) may be applied to the forest over one rotation (approximately 100 years) [62] . Wood ash application is limited to commercial forests (IV forest group) on sites of normal soil moisture, with priority given to stands or clear cuts where all logging residues have been removed. Over one rotation, the recommendation is for two applications of between 1.5 and 3.5 t ha −1 of forest biomass ash, the first at the time of thinning, the second, of ash combined with N fertilisers, when stands are at the medium stand development stage or close to final harvesting age.
The 'Recommendations for compensating wood ash fertilisation' [62] include some additional environmental requirements: wood ash can be applied in drained or naturally draining peatland soils; ash cannot be applied in 20% of forest areas in order to preserve biological diversity; ash cannot be applied closer than 50 m from surface water bodies (lakes, streams, drainage ditches) or poorly drained sites; ash fertilising cannot be undertaken on snow cover because of the risk of chemical ash particles leaching out in spring runoff.
A detailed study was conducted to update allowable concentrations of trace metals in dry wood ash under local environmental conditions in Lithuania. The study showed that allowable concentrations of some heavy metals (Cd, Cu and Hg) in wood ash in some Nordic countries are several times higher than are found in wood ash in Lithuania (Table 5 ). Therefore, based on the earlier 'Recommendations for compensating wood ash fertilisation' and updated data on wood ash quality, the legal 'Regulations for wood ash disposal and use' were adopted in 2011 [32] . The Regulations do not permit the recycling in the forest or on agricultural land of contaminated wood ash containing residues from the paper and furniture industries.
Some gaps in the knowledge and regulation of the environmental impact of wood ash recycling still exist. For example, the regulations do not include any restrictions on contents of dioxins and radioactive compounds ( 137 Cs, 90 Sr). There are no detailed studies on the impact of wood ash application on fastgrowing agricultural crops or short rotation plantations. Also, more detailed experimental data are still needed on impacts of extremely high ash application rates and on the application of stabilised wood ash. Even if wood ash application in the forest is still not being broadly practised, it could sometimes provide an alternative to other means of ash disposal, such as in forest road construction.
Based on national regulations, studies and other scientific evidence, key problems or potential risks exist for intensive forest biomass use for energy. The production and use of forest biomass for energy can lead to adverse environmental impacts on soil and biodiversity. The removal of plant nutrients by intensive harvesting of forest biomass for energy can cause negative nutrient balances in soil but could be compensated by recycling forest biomass ash to the forest.
Future perspectives
Since 2010, Lithuania has undergone a fundamental energy sector transformation driven by common EU and national policies as well as by European Commission (EC) ambitions. According to Kim and Wilson [72] , the European Commission stated the ambition to achieve a fundamental transformation of Europe's energy system. The EC's systematic perspective on innovation emphasises the influence that wider social, institutional and economic processes have on innovation outcomes. In 2008, the Strategic Energy Technology (SET) Plan was launched to provide strategic planning and coordination of energy research and innovation activities within the EU. The SET plan was designed to support EU policy objectives on climate change, energy efficiency, and renewable energy, as well as energy security, energy union, growth, jobs, and global competitiveness. The SET plan was implemented through a range of activities. In 2015, the EC proposed a revised SET plan that was more targeted and used a whole-systems approach to ensure better integration across sectors and technologies [73] . This EU policy laid out the fundamental basis for further transformations of the energy sector in Lithuania and indirectly encouraged the development of forest biomass for energy production in the future through technological change.
The technological transformation of the energy sector is closely linked to other EU policies. The EU has set ambitious climate and energy targets for 2030, including an EU-wide target for renewable energy of at least 27% of final energy consumption [74] . The future prospects for renewables in the energy sector in Lithuania, as in other EU countries, should be promising, since they can deliver higher security of supply, lower costs and lower CO 2 emissions. In order to increase awareness of the possibilities with district heating, the current district heating technology must also be enhanced, and the introduction of new technologies should be prioritized. The relevant local conditions and resources for energy must be quantified at national level in order to have a complete picture [39] . The national goal in Lithuania is to produce heat with zero CO 2 net emissions by 2050, i.e. to produce heat from renewables only [75] . Lithuania's energy strategy promotes the development of district heating systems and cogeneration by financial support and incentive mechanisms. Because of its established national energy policy, the Lithuanian district heating sector has already accumulated many new ideas and much experience in the sector to be shared with other countries seeking to reduce environmental impacts and ensure efficient district heating. Lithuania, together with other EU Member States, faces a challenge to exploit the full potential of biomass and to contribute to the decarbonisation of the economy through its uses for materials and energy. It should promote greater sustainable mobilisation of existing timber and agricultural resources as well as the development of new forestry and agriculture production systems, provided that sustainability and GHG emissions saving criteria are met [20] . Based on this document, the main challenges in the next years will be to increase sustainable use of renewables, including forest biomass for energy, as it is a crucial element in combatting climate change, protecting the environment and reducing energy dependency, as well as contributing to the technological and industrial leadership of Lithuania and the EU. At the national level, it should also provide new jobs and growth in rural areas. Regarding specific policy objectives, monitoring under existing EU and national legislation and reporting should take place within the objectives of biomass use for energy to mitigate climate change, reduce impacts on biodiversity, soil, water and air, and promote efficient uses of biomass for energy, including electricity and heating, and monitoring of prices of raw wood materials [21] . EU bioeconomy trends will also be driving the intensive use of forest biomass for energy production in the future. In the Lithuanian bioeconomy development feasibility study prepared in 2017, the forest bio-based sector (forestry and logging, production of wood, paper and furniture) is mentioned as the second largest sector, after the food sector, of the Lithuanian bioeconomy [76] . The potential for development of this sector has been increased by the EU provision that bioenergy will remain the main renewable energy source in the pursuit of climate and energy goals for 2020-2030. Though the use of forest biomass is limited by environmental goals prohibiting or limiting economic activities, the wood resources in Lithuania are still used traditionally and for energy. Due to their attractive price, the sufficiency of local resources, and low emissions, forest biomass should remain the principal energy source in Lithuanian district heating systems. For Lithuania, the increased use of renewables in the energy sector in place of natural gas means national energy independence. Therefore, forest biomass for energy is considered to have a high potential to remain one of the most important local renewable energy resources in the future [77] .
Favourable energy policies at EU and national levels do not, by themselves, ensure future sustainable use of forest biomass for energy production in Lithuania. The production of forest biomass for energy is influenced by a number of factors. One key challenge in increasing the use of bioenergy in the future is to maintain sustainable production. With the revised Renewable Energy Directive (EU 2018/ 2001) [20] , sustainability criteria have been adopted for agricultural and forest biomass. The sustainability criteria address environmental aspects such as soil quality, land use and biodiversity. The GHG emissions reduction criteria ensure that bioenergy is only used if it achieves high emission savings compared to fossil fuels. The use of forest biomass for energy production is highly dependent on the potential amount of biomass in the forests in general and on factors limiting utilization. In 2014, calculations were made of the biomass potentials from forests in EU28 countries for 2020 and 2030; for Lithuania, this biomass potential is assessed to be 12.26 mm 3 and 13.40 mm 3 for those 2 years, respectively [78] . However, in a real situation, this amount of estimated potential forest biomass decreases due to certain factors. Researchers have analysed how the increase in area of protected forests impacts the biomass potentials. Three factors were seen as decreasing forest biomass potentials: increase in protected areas, retained trees, and strict environment criteria. The Report [78] indicated that stricter environmental constraints-compared to the reference mobilisation potential-include no residue removal from less productive poor soils and a maximum of 70% residue removal on other soils. For the low mobilisation which had the strictest environmental constraints, stump extraction and application of fertiliser to mitigate detrimental effects of removing logging residue on the soil were not permitted.
An excellent illustration of the regulation and limitations of the use of forest biomass for energy production are the EC non-binding recommendations on sustainability criteria for biomass [79] . These recommendations are meant to apply to energy installations of at least 1 MW thermal heat or electrical power. The recommended criteria include key directions: restricting the use of biomass from land converted from forest and other high carbon stock areas, as well as highly biodiverse areas; ensuring that biofuels emit at least 35% less GHGs than fossil fuels over their lifecycle (cultivation, processing, transport). For new installations, this amount rose to 50% in 2017 and 60% in 2018; favouring national biofuel support schemes for highly efficient installations; and encouraging monitoring the origin of all biomass consumed in the EU to ensure its sustainability. The issues mentioned could impact Lithuanian energy sector development.
The future intensity of utilization of forest biomass for energy production will also depend on alternative uses of the forest biomass and competition with other types of fuels in Lithuania. Pang and wood processing create several distinct types of forest bioenergy feedstock [77] . Firstly, harvested stemwood can be consumed for fuel directly, for example, as solid-piece firewood. This is primarily stemwood that has no alternative material use due to technical quality flaws (too small, rot, form defects), but it could also be some fraction of the industrial wood (otherwise used in construction, for sawmilling, veneer production, particle board production or as pulpwood). Secondly, the proportion of industrial wood from harvested stemwood affects the amounts of industrial waste produced (sawdust, wood chips and pulpmill by-products). Thirdly, logging residues (tops, branches and stumps) left in the forest could be collected and used. Lastly, there is the recycled wood that comes from demolishing old structures, recycling furniture, wooden packaging, etc. Within the energy pathways, a steep increase in biomass consumption is envisaged between 2040 and 2050. This can be explained by the alignment of RES targets with the EU Energy Roadmap, along with a gradual increase in energy demand and a changing technology structure due to obsolescence of the current power plants, which makes new investments in energy generation from biomass more attractive [77] . Sustainable use of forest biomass for energy production involves a number of aspects. One is sustainable forest biomass production and delivery to the consumer's system. There is no sustainable system for supplying forest biomass from local resources in Lithuania. Increasing concerns have been expressed about the potential sustainability risks associated with intensive use of biomass for energy, including those stemming from imports from third countries [22] . As the demand for solid biomass for energy production is likely to continue to grow post-2020, Lithuania faces the challenge of adapting to differently functioning, state-regulated markets in neighbouring Eastern countries from which forest biomass is imported.
Conclusions
Forest biomass is a strategically important renewable resource for the energy sector in Lithuania. The political and economic goal of gaining independence from natural gas, which was supplied from a single source at a very high price, encouraged the transformation of the sector. Today, renewables are used economically and effectively for energy production and the energy price for end consumers has been significantly reduced. Further reduction in imports of primary fossil energy sources is certainly possible but not desirable. The National Energy Independence Strategy ambitiously indicates that the share of renewables in the total final energy consumption will reach 45% by 2030, and, in the long-term, goals have been set for the Lithuanian energy sector to be fossil-fuel free by 2050. The increased use of renewables in the energy sector in place of natural gas means national energy independence for Lithuania.
A favourable legal network has been created for the development of biomass energy, which has facilitated rapid and efficient restructuring of the energy sector since 2010, especially in district heating. However, the legislation does not provide long-term guidelines for the development of renewable energy, which would allow investors to forecast the needed expansion of the sector and apply for the needed financial support from EU Structural Funds.
The replacement of natural gas by renewable resources, especially forest biomass used in heat production, has resulted in a significant price reduction for end consumers. The reduction in central heat prices was mainly influenced by the increased use of locally available forest biomass and the emergence of the biofuel exchange, which is one of the main market instruments licensed by the National Control Commission for Prices and Energy for the exchange of energy resources within the Baltic region and promotes the use of biomass for heat production. Since 2016, all biomass for energy production has been purchased on the biomass exchange. It is legally regulated but allows biomass to be bought outside the exchange if the price is lower than on the exchange. The established system of energy biomass auctions ensures a lower price and prevents unjustified price increases. The Lithuanian forest biomass market is strongly influenced by cheaper wood chips supplied from neighbouring Belarus.
Lithuania must consider the ecological impacts of increased forest biomass use for energy. Intensive forest biomass harvesting must be balanced with the requirements of sustainable forest management. Specifically, nutritional balance and soil fertility can be ensured without undesired environmental impacts through the strict regulatory mechanism now in place which allows compensatory wood ash recycling in commercial forests.
Recent work has shown that the Lithuanian energy sector is moving towards a more sustainable development, with several strengths of the structures in place today, which include abundant forest biomass resources from land under sustainable forest management, appropriate legislation and supportive financial instruments in the district heating sector. The most critical weakness for sustainable development is the high amount of imported forest biomass for energy from Belarus. [19] . The directive established an overall policy for the production and promotion of energy from RES in the EU. It required the EU to fulfil at least 20% of its total energy needs with renewables by 2020-to be achieved through the attainment of individual national targets. All EU countries must also ensure that at least 10% of their transport fuels come from RES by 2020.
National overall target for the share of energy from RES in gross final consumption of energy in 2020 for Lithuania is 23%. In Lithuania, the overall objective for renewables is 45% for 2030, described as renewables share in the final energy consumption-45%, in central heating sector-90%, in transport sector-15%, in the final electricity consumption-45% and renewables share in electricity generation-70%.
The main energy sector development policy is described in the National Energy Independence Strategy [13] , which has been approved by The Law on the Heat Sector of the Republic of Lithuania [26] . This Law shall regulate State management of the heat sector, the activities of the heat sector entities, their relations with heat consumers, their interrelationship and responsibility. Objectives of the Law: (1) to ensure reliable and high-quality supply of heat to heat consumers at minimum costs;
(2) to ensure by law effective competition in heat sector; (3) to defend the rights and legitimate interests of heat consumers; (4) to increase the efficiency of heat production, transfer and consumption; (5) when producing heat, to increase the use of indigenous fuel, biofuel and renewable energy resources; (6) to reduce the negative impact of the heat sector on the environment.
Ensured reliable and high quality supply of heat to heat consumers at minimum costs, effective competition in heat sector. Increased the use of indigenous fuel, bio fuel and renewable energy resources. Reduced the negative impact of the heat sector on the environment.
Legal regulatory acts boosting biofuel usage in energy productions
The National Strategy for the Development of Renewable Energy Sources [23] , as approved by Resolution No 789 of the Government of the Republic of Lithuania of 21 June 2010 approving the National Strategy for the Development of Renewable Energy Sources. The main objective: by increasing the share of renewable energy resources in the country's energy balance, to meet energy needs in the electricity, heating and transport sectors to an optimal extent using domestic resources, to phase out imported polluting fossil fuels, and thus to enhance energy security and energy independence and to contribute to international efforts in reducing greenhouse gas emissions. [25] . This law establish the legal basis for state administration, regulation, supervision and control of the renewable energy sector of the Republic of Lithuania and organisation of activities in the renewable energy sector, also stipulate the state regulation and supervision of operations of energy grid operators, producers of energy from RES and their relations with controlling authorities. The objective of this law is to ensure the coherent development of energy use from RES, to promote further development and the introduction of new technologies, and the consumption of energy produced, in particular with regard to the international commitments of the Republic of Lithuania, the objectives of environmental protection, saving of fossil energy sources, reduction of reliance on fossil sources of energy and energy import and other State energy policy objectives, taking into consideration energy security and reliability requirements and the principles of the protection of consumer rights and lawful interests in the accessibility, adequacy and sufficiency of RES.
Increased use of RES. The share of RES in the country's gross final consumption of energy would reach at least 23% in 2020 and this share would be further increased.
National Forestry Sector Development Programme 2012-2020 [27] . The purpose of the Programme is to implement the long-term forestry strategy of Lithuania that would be consistent with the policy of other related areas, based on the traditions of the country and the requirements of European Union legal norms, international conventions, resolutions, agreements and programmes, and determine the objectives and tasks for the development of the forestry sector for the period until 2020. One of the tasks of Programme is to balance the volume of thinnings, sanitary and final fellings of forests, and increase the volume of non-merchantable timber and forest felling residues used for biofuel production. One of the target values of the programme is that volume of forest felling residues and non-merchantable timber used for biofuel production will be increase and 500,000 m 3 will be produced in 2020.
Financial instruments boosting usage biofuel in energy productions:
The 2007-2013 and 2014-2020 Lithuanian Rural Development Programmes [28] . Investments in forestry technologies (measure of the 2014-2020 Lithuanian Rural Development Programme) facilitating the supply and use of RES, by-products, wastes, residues and other non-food raw material, for the purposes of the bioeconomy. Support for investments in agricultural holdings. Activities supported under the measure: (1) production of biogas at a livestock farm from farm waste. Biogas and heat and power produced can be used only for the needs of the holding; (2) cultivation of short rotation coppice.
Development of the use of RES. 
